, Potosi (21), plus Arequipa, PeN (22) , Brazil (23) and Uruguay (24) . Total specimens collected from each area = I I . Geographic. parameters given for each area are: latitude south, longitude west and altitude in metres. Climatic parameters given are mein annual temperature ("C), rainfall (mm) and % relative humidity (% ch.) . NA = data not available.
Areas
Latitude see Dujardin (1990) see Pereira et al. (1996) As part of a larger study on the population genetics of I: infestans, we present an investigation into the genetic structure of insect populations from the Andean region, including silvatic and domestic specimens. This study provides additional evidence to support current theories about the dispersal of I: iifestans, and illustrates how isozymes may be useful genetic markers in insect population surveys, especially for deducing the origin of new infestations.
Materials and Methods
Triatoma infestans. A total of 968 specimens were collected in Bolivia from twenty-one localities, grouped into ten areas (Table l) , during 1980-1984 (Instituto Boliviano de Biologia de Altura) and 1986-1987 (Centro Nacional de Enfermedades Tropicales, Santa Cruz de la Sierra). Peruvian specimens were collected in 1983 from the Majes Valley, Province of Arequipa (Bréniere et al., 1985) . With the exception of the Vallegrande samples (localities 4-7), all the insects used for enzyme electrophoresis were those found, by microscopy of their rectal contents, to be infected with I: cruzi. This allowed examination of the relationship between T. infestans allozyme genotype and Z cruzi parasite zymodeye. Only the Vallegrande sample included non-infected as well as infected insects, to check for a possible relationship between insect genotype and probability of infection under natural conditions. Previous data on 131 specimens from Uruguay (Pereira etal., 1996) and eighteen'specimens from the State of Para, Brazil (Dujardin et al., 1990) were also considered in the discussion.
Enzyme electrophoresis. Cellulose acetate electrophoresis was used on individual insects according to Dujardin & Tibayrenc (1985a,b) . Twelve enzymes were assayed: ACON (aconitate hydratase or aconitase, EC 4.2.1.3), aGPD (a-glycerophosphate dehydrogenase, EC 1.1.1.8), GPI (glucose phosphate isomerase, EC 5.3,1.9), G6PD (glucose-6-phosphate dehydrogenase, EC 1.1.1.49), IDH (isocitrate dehydrogenase, EC 1.1.1.42), LAP (leucine aminopeptidase, EC 3.4.11), MDH (malate dehydrogenase, EC 1.1.1.37), ME (malic enzyme, EC 1.1.1.40), 6PGD (6-phosphogluconate dehydrogenase, EC 1.1.1.44), PGM (phosphoglucomutase, EC 2.7.5. I), PEP-A (aminopeptidase-A, EC 3.4.1 1, substrate: I-leucyl-leucyl leucine) and PEP-B (aminopeptidase-B, EC 3.4.13, substrate: I-leucyl-alanine). Previous crossing experiments (Dujardin & Tibayrenc, 1985a ) demonstrated four loci for PEP and two loci each for ACON, IDH, MDH, ME and, giving a total of 19 loci for the gene-enzyme systems investigated.
Genetic parameters. Estimation of single-locus (h) and total (H) expected heterozygosity (also known as genetic diversity), and their respective standard deviations, s(A) and s(H), followed the formulae of Nei (1987) . Chi-squared tests were used to investigate possible departures from Hardy-Weinberg equilibrium (Table 2) . Linkage disequilibrium was explored by t e h g the independence of variable loci, using Chi-squared for comparison between observed and expected multi-locus genotypes. The expected frequency of each multi-locus genotype was estimated as the product of the expected frequencies of the different uni-locus genotypes involved, according to the observed allelic frequencies and HardyWeinberg expectation (Richardson et al., 1986 (Cz) (Nei, 1987) were both used to compare gene frequency differences between geographical areas. In order to incorporate in our analysis one genotype (aGPD) whose allelic composition has not been clearly demonstrated, we also used Hedrick's similarity index (H) which is computed from single locus genotype frequencies (Hedrick, 1971) . The correlation of these indices with geographical distance is illustrated in Fig. 1 .
The effect of geographical subdivision on the apparent genetic structure of the population was explored using the Fstatistics of Cockerham (1973) by estimating the correlation parameters tlzera, E and f (Table 3) . These fixation indices
were calculated for the sample as a whole (22 localities) and, where possible, for different areas (Cochabamba, Tupisa, Vallegrande and Yungas). The significance was tested according to Cockerham (1973) 
Pgm-2
Yungas ( In order to check for possible genetic divergence correlated with spatial distribution of the I? infestans population sample, the observed and expected multi-locus genotypes were compared in progressively larger groupings of different locality samples. Apparent linkage disequilibrium would be expected to increase in proportion to geographical distance between the sample localities (Brown & Feldman, 1981; Nei, 1987; Singh & Singh, 1990) . Population spatial structuring was also explored by comparing observed and expected frequencies of multilocus genotypes in the whole range of localities, whereby genotypes that were over-represented in restricted localities could provide evidence for linkage generated by geographical distance (Tibayrenc & Ayala, 1991) .
To investigate the geographical origin of T infestans (Schofield, 1988) we used a selectively neutral island model to compare local gene frequencies with the overall gene frequency, whereby the overall gene frequency for each allele should represent the frequency existing in the initial hypothetical population (Falconer, 1981 ). Hedrick's (1975) probabilities of unique genotype provide another basis for inference of ancestry, which is more affected by size of compared groups. The probabilities of unique genotype in area Genetic differentiation between geographical areas and hypothesis of origin. Each geographic region presents a particular genetic profile, represented here by the respective proportions occupied by eight alleles at three loci . The top pie diagrams are the putative ancestral populations of domestic 2 : infestans according to a neutral model of radiating expansion (Falconer, 1981) . Two hypothetical initial profiles are presented, derived from data of Bolivia, Peru, Brazil (Dujardin, 1990) and Uruguay (Pereira et al., 1996) (left hand), and of Peru, Brazil and Uruguay, excluding Bolivia (right hand). The allelic frequencies of these models are the arithmetic means of the observed values in each region: as long as the frequencies are respective of their own region, they are not influenced by the sample size. A similar profile of the initial population emerges (top right pie diagram), even when excluding Bolivia from the source data. Each country (except Bolivia) presents a very different profile, and so do the majority of the ten Bolivian areas, except for Sucre. After the name of each Bolivian area, the percentage between brackets is the proportion of higher probabpties of unique genotype (Hedrick, 1975) when compared with the remaining areas: Sucre (100%) always presented the higher probability. 
Results

Genetic variability of Z infestans
The Peruvian sample from Arequipa showed only one variable locus (Pgni), while the Bolivian samples showed three polymorphic loci (Pgm, 6Pgd and Gpd). These three polymorphic enzymes are among 19 enzyme loci of I: injestam previously defined by crossing experiments (Dujardin & Tibayrenc, 1985a,b) . The three variable loci segregated for two (6Pgd) or three (Pgm, Gpd) alleles according to geographic origin (Dujardin, 1990) . Of these, Gpd showed the greatest polymorphism: along with the three allelic forms (Gpd-I, Gpd-2 and Gpd-3), an additional electromorph (designated Gpd-a) was observed in specimens from Camiri, Tarija, Huaricana and Auquisamana. This Gpd-u pattern has also been seen in Z delpontei (Romaña & Abalos), I: platensis Neiva and 1: rubrovaria Blanchard (Panzera et al., 1988; Pereira et al., 1996) . Increasing intensity of Gpd-a from nymphal stages to adults has also been noted, while preliminary crossing experiments between I: infestans individuals carrying Gpd-a and Gpd-2/2 (i.e. homozygous for Gpd-2) provided FI proportions suggesting Gpd-a heterozygosity (Dujardin, 1990) . However, the basis of Gpd variability remains unclear and might be due to multiple Gpd loci, rather than the single locus found in most insects (Pereira etal., 1996) . In the present analysis, since the Gpd-a electromorph occured in the presence of the Gpd-2 allele, it was included with the Gpd-2/2 genotype for the estimation of Gpd-2 frequencies, which did not cause a significant reduction of variability. We used the Gpd-a pattern as a different genotype when calculating the genotypic similarity index (H) for comparing sub-populations (Hedrick, 1971 ).
Genetic structure of 2 : infestans populations
Within samples of I: infestans from each collection site, Fstatistics and local Hardy-Weinberg equilibria were generally (>95%) in agreement with the assumption of panmixia. In contrast, however, the combined samples showed evidence of heterozygote deficiency (x2Pgni = 198, P < 0.01; x26Pgd = 50.1, P < 0.01) with highly significant values of F and theta for the pool of twenty-two localities (Table 3 ). These differences between local and total uni-locus statistics suggest spatial structuring of the population, also known as the Wahlund effect (Fockerham, 1973) . Strong linkage disequilibrium was also apparent when all the samples were pooled (x2 = 36.3, P < 0.001), with significantly over-represented multi-locus complexes involving Gpd-I in Vallegrande, and Gpd-3 in Sucre. This is also suggestive of spatial structuring (Tibayrenc & Ayala, 1991) .
Because our collections were made over several years it seemed possible that genotypic proportions might have changed with time, even though I: iitfestans has only one or two generations per year under these conditions (Gorla & Schofield, 1989 (Dujardin, 1990) . Similarly, a recent collection of 'I: iitfestans from Caraveli in southern Peru showed nearly identical electrophoretic patterns to those exhibited by a sample collected 10 years previously from the Majes Valley (Dujardin et al., unpublished data) .
Geographical distance und clirnatic effects
The calculated indices of genetic distance (Ds and Cz) and similarity indices (H) gave values typical of conspecific populations, and were highly correlated to geographical distance between localities (Fig. I) , conforming with the 'isolation by distance' model of Richardson et al. (1986) , irrespective of topography.
Of the climatic factors, only rainfall showed a significant relationship with the allele frequencies and genetic distances (results not shown). We treat these findings with caution, however, because some of the meteorological stations from which climatic data were derived were at considerable distances from our collection sites, and, in any case, climatic data do not necessarily reflect the microclimate experienced by the insects in their domestic habitat (Gorla & Schofield, 1989) .
Gene jlow between populations
The geographical distribution of alleles was consistent with the idea that T. infestans rarely moves between different areas. Thus rare alleles were found only in single localities (Pgm-l and Gpd-I in Moro-Moro, Gpd-3 in Sucre) but not in adjacent areas where they would be expected if the insects migrated frequently. Of the other alleles, Pgm-3 and 6Pgd-I were more regularly distributed throughout the areas under study. Pgm-2 and 6Pgd-2 were also widespread but were absent from three villages in the Yungas, with the latter also absent from the Peruvian specimens.
The multi-locus genotype frequencies also support the idea of low migration rates. We found no departures from the equilibrium between loci within any of the eleven geographical areas considered, which is consistent with the idea that no recent exchange of insects has occurred between these areas. Differentiation between areas was confirmed by the F-statistics.
For the pooled samples from Bolivia and Peru, theta values were highly significant, whereas f values were rarely so (Table 3 ). Since theta represents that proportion of variation attributable to differences between populations, while f represents gene flow within populations, these results confirm the spatial structuring evident in the population as a whole.
In the Yungas, significant differentiation between the four populations, as measured by theta, was equivalent to that of Bolivia as a whole, suggesting that here 2 : infestans tends not to disperse between nearby collection sites. On the other hand, f values remained close to zero whatever the geographical scale, supporting the idea of panmixia within villages. For (34) example, the same gene frequencies could be found in one village and in the individual houses of that village (Dujardin et al., 1988) . Similarly, departures from Hardy-Weinberg expectations were found more frequently at the area level than at individual localities. Striking differences of gene flow were seen between village populations of ?: infestans (Table 1 ). In the Yungas, significant differences of gene frequencies were apparent between ' collection sites just 1-2 km apart. In Cochabamba no difference was found between collecting sites separated by less than 20 km (Dujardin et al., 1987) , whereas in Vallegrande significant differences became apparent between collecting sites separated by more than 50 km.
Relationship between vector and parasite genotypes
Overall, we found a significant relationship between ir: infestans genotypes and the frequency of different zymodemes of Typanosoma cruzi . However, this was not confirmed among localities within each geographical area sampled (Tables 1 and 2 ) and may therefore be a spurious association.
For the Vallegrande samples (307 specimens), there were significant differences in gene frequency at the 6Pgd locus between infected and apparently uninfected specimens (Table 4) . For all four villages sampled, 6Pgd-I frequency was always higher in infected specimens, but only in adult insects (P < 0.05). Nymphs showed similar gene frequencies whether infected or not.
Discussion
Allozyme frequencies at three loci, Pgm, Gpd and 6Gpd, were scored as convenient genetic markers for the population genetics of I: iilfestaris (Tibayrenc, 1980; Dujardin & Tibayrenc, 1985a,b; Panzera etal., 1988; Frias & Kattan, 1989; Pereira et al., 1996) . Geographical contrasts of these allozyme frequencies were previously attributed to founder effects, predicted on the relatively low genetic variability of I: infestans (Dujardin & Tibayrenc, 1985a,b) . More than thirty loci should be examined to provide a reliable estimate of genetic diversity (Nei, 1987) , however, we investigated only nineteen loci representing twelve enzymes. Five of the enzymes that we studied appeared to be monomorphic on cellulose acetate (IDH, ME, G6PD, GPI and LAP) despite being polymorphic on starch gel (Garcia etal., 1995b) . The polymorphism of GPI, IDH, LAP, ME and G6PD observed by Garcia et al. (1995b) , but not by us, may be attributed to their more sensitive starch gel procedure. Since they did not confirm the genetic basis of electromorph variation, and used insects from laboratory colonies which tend to encourage heterozygosity (Leburg, 1992) , further studies could assess the amounts of allozyme polymorphism in natural populations of I: infestans.
Using the same techniques as described in the present paper, we found more enzyme polymorphism in the sandflies Lutzomyia carrera, L. yucuinensis (Caillard et al., 1986) , L. trapidoi (Dujardin et al., 1996a) and Phlebotomus papatasi (Dujardin etal., 1993) , as well as the insects I: rubrovaria, I: platensis (Pereira etal., 1996) , I: sordida (Noireau et al., unpublished data) , Panstrongyhs megistus and FI rufotz~berculatus (Dujardin et al., unpublished data) , confirming that I: infestans has unusually low genetic variability. Starch gel electrophoresis also revealed higher levels of polymorphism andor heterozygosity for silvatic I: spinolui (Frias & Kattan, 1989) , I: platensis, I: guasayana and I: sordida (Garcia et al., 1995a) . Differences in gene frequencies between separate I: iilfestans populations tend to be stable over several years. This offers a f novel method for monitoring the progress of control programmes, particularly for identifying the source of new domestic infestations (Dujardin, 1990) . The control of I: infestans currently relies on spraying infested houses with residual insecticides, followed by long-term surveillance to detect reinfestations. It is generally difficult to determine the source of reinfestations -whether from survivors of the initial treatment, or immigrants from untreated foci (Dias, 1987) . Population genetic characterization could help to resolve these questions, by identifying the likely source of reinfestations, and so assist with decisions about retreatment in different areas (Dujardin et al., 1996b) .
Geographic origin arid spread of I: infestatis
Silvatic colonies of I: itlfestans are known only from the Cochabamba region of Bolivia, so that area has long been regarded as the geographical origin of the species (Usinger et al., 1966; Neghme, 1982; Dujardin et al., 1987; Schofield, 1988) . Our allozyme data agree with the idea of a recent geographical expansion of I: infestam from one ancestral population (Dujardin & Tibayrenc, 1985a,b) , since the same three enzyme polymorphisms occur throughout Bolivia and Peru (this paper), northem Brazil (Dujardin, 1990) and Uruguay (Pereira et al., 1996) .
Triatorna iilfestans is known from historical records to have invaded Peru, Uruguay and Brazil at the beginning of the 20th Century (Osimani, 1937; Lumbreras, 1972; Schofield, 1988) .
Assuming that spread of I: infestans involved random genetic dispersal, the ancestral population should have similar gene frequencies to those found in our whole sample (Falconer, 1981) . Hence, by using Hedrick's method to investigate ancestry, our data would designate Sucre (or the area composed of Sucre, Potosi and Vallegrande), which had a non-null probability of unique genotype against each of the remaining areas, as the geographical origin of the species, rather than the more usual hypothesis of a Cochabamba origin (Fig. 2) . The silvatic specimens captured in the Cochabamba region showed no significant difference from domestic specimens captured in the same locality: they were genetically almost identical (Ds = 0.0002-0.0017) and shared the same zymodemes of T. cruzi at the same frequencies (Dujardin etal., 1987) . Silvatic I: infestans in the Cochabamba region may therefore represent feral derivatives from the nearby domestic populations (Dujardin et al., 1987) .
Triatoma infestans apparently originated from a silvatic population, probably in southern Bolivia (Dujardin et al., 1994) , from which it dispersed to Argentina, Brazil, Chile, Paraguay and Uruguay. Triatonin infestans has a low capacity for active disperal by flight Schofield et al., 1992) , but is well known to be transported passively over large distances in association with humans and their belongings.
Historical reconstruction indicates that the spread of I: itlfestans can be correlated broadly with recent human migrations within South America (Schofield, 1988) . Computer simulations indicate that observed pattems of house infestation can be explained by passive transport to a locality followed by active dispersal between localities in that area (Jedwab, 1986) . Major topographic features ?re sometimes associated with genetic distance. For example; Chi-hua area (localities 15 and 16) is geographically close to the Yungas (localities 17-20), but separated by Mt. Illumani (6200 m), and Fig. 2 shows the strong contrast in their genotype frequencies. On the basis of allozyme data, genetic differences or similarity between populations were found to be generally correlated with geographic distance (Fig. 1) . Garcia et al. (199%) found lower genetic distance values (mean Ds = 0.0054) than ours (mean Ds = 0.020) between geographically distant areas. Contrasts between their values and ours probably reflect the different sampling methods: we compared natural populations while Garcia er al., (199%) used laboratory specimens after an average of eight generations.
However, both sets of electrophoretic data show very limited genetic divergence between allopatric populations of I: irfestntrs. This genetic uniformity is consistent with the recent and rapid disperal of this species in South America (Dujardin & Tibayrenc, 198%; Garcia et al., 1995b) .
